Introduction
The coke has dual roles as the source of reaction agent and the permeability maintenance in the blast furnace (BF) operation. Although the pulverized coal injection (PCI) substitutes the coke role of the reaction agent partly, some coke is always required for the stable permeability in BF. There are many researches about the coke quality such as CSR, DI for this reason. 1, 2) But there are not many researches about the optimum coke size in the BF for the reduction of the reducing agent ratio (RAR). 3, 4) The mixing of small size coke (nut coke) with sinter is one of the available techniques for the RAR reduction. 5) The big size coke is charged in the center of BF for the stable gas flow and hearth condition at the cost of the gas utilization efficiency.
The base coke which is charged alternately occupies most of the layer, but there are not many researches about the coke size effect on the BF operation. It was known that the coke size decreases by about 50% from top to raceway and the remains are totally combusted at the raceway. 6, 7) The coke deterioration at this time is determined mainly by the value of the coke strength after reaction (CSR) and the degradation index (DI) rather than coke size. So, there have been more researches about the improvement of the CSR and the DI than the coke size control in coking process. 8) Therefore, the coke size has been changed according to the CSR and the DI values or the variation of the retention time in the coke oven due to the pulverized coal injection ratio (PCR) in BF.
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This study suggests the proper coke size by quantifying how the large coke size affects the RAR in the big blast furnace and the optimum coke size in an accordance with the operation target of the blast furnace.
Theory

Coke Size and Deterioration Behaviors in the Blast
Furnace Makhanek et al. 3) suggested that when the smaller size of coke was charged, the lower RAR and the larger productivity was obtained in the small BF. In the Redcar BF which was 4 642 Nm 3 (Inner Volume), Bowmess et al. 4) tested the effect of coke size change from 47 to 52 mm on the BF operation. The result shows that the increase of the coke size and the quality together makes the size of bosh coke large and the heat load and permeability improved, but the relationship of the coke size with the gas utilization ratio is not clear. In the case of Keihin 2BF, the high productivity operation was tested under the condition of various coke sizes and other operation indices.
9) The reanalysis of the operation results may show that the RAR was decreased by 2-3 kg/t-p per 1 mm reduction of the coke size when the effect of other operation indices on RAR was considered.
Generally, the variations of PCR may alter the amount of coke produced in the oven, thereby the change of heating time and temperature for the protection of the oven facility makes the average coke size vary. Although Nomura et al. 8) suggest that the coke size is highly correlated with the contraction of coke in the oven, the size increases cannot guarantee the strength of coke. In order to solve this problem, FFS (Fissure Free Size) test method 10) was introduced by BCRA (British Carbonization Research Association). FFS guarantees the objectivity of coke strength according to the size by using the indicator as a size of the finished grain which is not significantly reduced when the drum tester is operated enough. The variation of the coke size and the amount of coke fines in the bird's nest is well matched with FFS test characteristics. Namely, if the coke strength is not improved when the size is large, it is likely that there is a large probability of the size breaking into smaller pieces. A large coke may be easily cracked at the cohesive zone and gives a higher fine ratio in the deadman, although it makes the permeability good at the lumpy zone. A lot of fines at the deadman contaminate the flow path of molten material at the hearth and makes the blast furnace operation unstable. A lot of test methods are introduced to estimate the disintegration of coke in BF by Japanese iron makers. 1, 2) Especially, CSR (Coke Strength after Reaction) and DI (Degradation Index) as representative indices of the coke quality are established through the BF dissection. POSCO also investigated coke behaviors by the small BF dissection.
7) The result shows that there is no coke size change from top to the cohesive zone and the coke size reduces by half from the cohesive zone to the raceway where the remains are combusted completely. However coke sampled from tuyeres of GY 1BF which has the biggest Inner Volume of 6 000 Nm 3 in the world may show the different coke degradation behaviors. Because the coke stays longer in the big BF than in the small BF and experiences more physical impacts in the raceway, it needs to study the coke size management for the stable operation of big BF.
The Change of Heat Transfer Rate and Reduction
Efficiency with Coke Size The change of the coke size affects the drag force, heat exchange and reaction between gas and solid in BF and those make RAR change with the coke size. To analyze the heat transfer in the packed bed between gas and solid, Nusselt number (Nu) such as an Eq. (1) which represents the relationship between Prandtl number (Pr) and Reynolds number (Re) is used. 11) This relationship shows that the increase of the particle size makes Nu number increase and that should be balanced for constant Nu number by increasing the gas velocity in Re number.
h: heat transfer coefficient, D p : coke size, k: heat conductivity, Cp: heat capacity, μ g : viscocity, ρ g : density, V: gas velocity, Pr: Prandtl number_(Cp·μ g )/ρ g , Re: Reynolds number_(D p ·V·ρ g )/μ g , a and b: coefficient. The decrease of the coke size also makes the reaction surface area large and the gas utilization ratio increase and it has to do with the reduction of RAR. But the decrease of coke size may cause the hold up of molten materials at the tuyere level, therefore, the proper coke size should be decided for the stable permeability around the birdnest.
Permeability Change with Coke Size
The management of the coke size and void fraction is important to maintain the coke bed permeable at the front of tuyeres. Flooding may occur under the condition of the high productivity and small coke size and void fraction. Therefore, to prevent flooding with RAR reduction it should be determined that which size of coke is proper at the top and tuyere level. The result of coke samplings shows well the change of coke size at the tuyere level according to the operation conditions. The amount of coke fines which determines a void fraction at the birdnest can also be predicted from the results of coke sampling.
Sherwood et al. 12) suggested the Eq. (2) which represents that a multiplication of the flooding factor and the fluid factor should be lower than 0.025 by the control of coke size to prevent flooding.
Flooding factor Fluid factor
V o : superficial velocity, S o : specific surface area (m2/m3), ε: void fraction, L/G: liquid/solid mass velocity, μ ℓ : liquid viscosity, ρ g /ρ ℓ : gas/liquid density. The coke state not only affects the RAR by changing gas velocity in BF but has a deep relationship with flooding around the raceway.
Total heat & mass balance model, the Rist model and 2-D numerical analysis model need to be used to estimate the RAR up-down according to the change of coke state with the coke size variation.
The Estimation of the BF Operation by the Numerical Analysis Models
There are quantitative criteria about the effect on the RAR by various operation conditions including factors of coke and sinter quality. But there are no quantitative criteria for the effect of coke size on the RAR because it affects several sectors of the BF. For the quantification of the effect of coke size on the RAR, Rist model is used to estimate the effect of the blast ratio on the RAR and 2-D numerical analysis model is also used to estimate the effect of the permeability change on RAR and the gas utilization ratio according to the charged coke sizes. The 2-D model calculation may show that what size and void fraction of the coke are proper for the biggest gas utilization ratio in BF operation.
The energy conservation, conduction, convection, heat exchange between the gas and the solid phases and the heat of reaction are considered in the 2-D model. The Heat transfer coefficient between the gas and the solid can be calculated using the Ranz-Marshall equation 11) which is another form of the Nusselt number. A three-interface unreacted core model was also used for the general analysis of the reduction kinetics of iron oxides. The charged coke is a little degraded at the lumpy zone. It is also degraded by about 50% from the cohesive zone to the raceway and then consumed totally at the raceway as shown by the coke sampling and the dissection investigation of the BF. The coke state in the 2-D model was set according to the results of the coke sampling from tuyeres and the dissection investigation of the BF instead of the coke degradation modelling. For the confirmation of the model validity, the vertical probe test was carried out by estimating the cohesive zone in advance. 13) Besides, the gas utilization ratio in the radial direction at the top of the BF is measured and compared with the calculated result for another confirmation by 2-D model.
Experimental
Coke Sampling from the Tuyere
In order to investigate the coke state at the tuyere level in the blast furnace (BF), the domestic coke sampler is used. Lee et al. 14) designed the coke sampler which is operated by hydraulic system with a diesel engine and can sample the tuyere coke from all circumferential directions of the BF. The sampling time is in 30 seconds and the sampling length and diameter is 5.2 m and 220 mm respectively. Figure 1 shows the appearance and the state of the sampled coke from the tuyere. The pipe was cut open and coke was divided every 200 mm for the screen analysis and separation of coke and molten material. The temperature distribution in the radial direction at the tuyere level is estimated by thermal history of coke analyzed with a half width of XRD analysis and measured by the R-type thermocouple at the shutdown day. Both of the estimated and measured temperature is similarly high at the raceway and low at the deadman as shown in Fig. 2 . The birdnest is defined as the sector which is 100 to 170 cm from tuyere. The raceway depth is the distance from the tuyere to the point at which the ratio of −3 mm fines starts to increase over 10%. When the birdnest contains a lot of fines, the raceway depth becomes short and gases may not flow uniformly in the radial direction.
Heat Transfer and Reaction Efficiency with Coke
Size The SUL (Softening Under Load) test is carried out to estimate the reaction efficiency by layering coke and sinter alternately in a crucible. The coke sizes are 8, 10, 12 mm diameter spheres and they are made by a domestic jig for shaping coke into balls in various diameters as shown at Fig.  3 . The estimation of the reaction efficiency is carried out by measuring the gas utilization ratio during the SUL test with different coke sizes.
The characteristic of the heat transfer of coke is measured in coke diameter of 30 and 40 mm by using a tube furnace. The coke with thermocouple at center is pushed into the horizontal tube of the furnace which is maintained at 1 100°C and 0.5 ℓ/min of N 2 flow.
The BF State Estimation by a Numerical Analysis
with the Change of Coke Size The consistency of the two-dimensional model is required to assess the changes of the reaction efficiency depending on the variation in the size of coke. Yang et al. are already proved the validity of the 2-D numerical model by the vertical probe which is developed to measure the temperature distribution in the radial direction of the BF. 13) In addition to that the gas utilization ratio is used to verify the consistency of the 2-D model in this study. That is measured at 6 points of A/B probe which is installed at the top of the BF to measure the 6 point temperatures and gases component in the radial direction. 15 ) Figure 4 shows the measured and calculated results and they are very similar at the 6 points in the radial direction. 
Results and Discussions
Estimation of Coke State in Birdnest and Deadman
The void fraction of birdnest is determined by the amount of − 3 mm fines. The start point of birdnest in the radial direction is important because the distance from tuyere to the start point is called as the raceway depth and it determines the operating conditions of the BF. If the void fraction is low around this area due to a lot of − 3 mm fines, a molten material cannot be easily passed to the hearth and that makes the blast condition unstable due to a pressure rise and a tapping trouble. Raceway coke is small due to the collision and combustion in the raceway while bosh coke just in front of tuyere is large due to the short retention time. Meanwhile the birdnest contains a lot of − 3 mm coke fines which are un-combusted coke fine in the raceway and the coke dust developed from the cohesive zone to the raceway. So the void fraction of the birdnest is decreased according to coke deterioration and a lot of molten material is held up in the birdnest for this reason.
16)
The ratio of − 3 mm fines in birdnest is increased with charged coke size as shown at Fig. 5 . When the coke size is increased from 50 to 55 mm the ratio of − 3 mm fines is increased from 7 to 13%. Figure 6 shows the relationship between the charged coke size and the coke size at tuyere level. The tuyere coke size is the largest when the charged coke size is 52 to 53 mm. That is caused from the decreased generation of fines rather than the change of charged coke size. In other words this is due to the increased generation of fines from the large coke over 53 mm without the reinforcement of coke strength. Shin 17) calculated the birdnest void fraction by applying the equation of 0.4185x (coke size) 0.5687 instead of the fixed void fraction 0.423 which was used at the M. Suzuki's 18) method performed with the same particle diameter. The modified method is developed through the investigation of packed bed state which is simulated with various sizes by the EDEM (Easy Discrete Element Method) numerical analysis. The calculated void fraction of birdnest by this method is 0.35 to 0.4 and if the held-up molten material in birdnest is considered, the void fraction is changed to 0.2 to 0.25.
The raceway depth is also decreased according to the increase of − 3 mm fines ratio in the birdnest and the deadman. When the ratio of − 3 mm fines in the birdnest is under 5%, the raceway depth is over 1.5 m, but the amount of − 3 mm fines in the birdnest and the deadman increases abruptly, the raceway depth becomes about 1 m as shown Fig. 7 . The distribution of − 3 mm fines in radial direction is shown with the BF volumes in Fig. 8 . The raceway depth is defined as a distance from tuyere to the point where the ratio of − 3 mm fines is 10%. In the case of good permeability state the raceway depth is over 1.5 m while the raceway depth is around 1 m in the case of bad permeability state. The big size BF over 4 500 Nm 3 volume shows that the raceway depth is about 1.3 m and the amount of coke fines is more than the BF of 3 800 Nm 3 volume. Therefore the operation condition of the big BF may be easily affected by coke quality.
The coke size affects the raceway depth and the drainage of molten material at the level of tuyere. It is not determined by the charged coke size only, but also the various factors like the coke quality and operation conditions. As shown at Fig. 9 , although the coke size becomes large when the size is calculated except the amount of − 5 mm coke fines according to the amount of − 3 mm fines, but it is decreased in the result because the amount of − 5 mm coke fines is included for the coke size calculation. So the charged coke must have the characteristics that the FFS (Fissure Free coke Size) is large and the generation amount of − 3 mm coke fines is small. The coke mean size is not distinctive at tuyere level for the various BF volumes and it is distributed over 20 to 23 mm as shown at Fig. 10 .
The coke bed of the tuyere level with the large coke size has a good permeability because the increased void fraction by the large coke size allows less amount of molten materials of slag and metal to stay in the bed as shown at Fig. 11 . The amount of the molten materials per unit coke weight in Fig. 11 is obtained by the separation of coke, slag and metal which were sampled every 200 mm depth from the tuyere. The amount of molten material held-up is related with the birdnest temperature, slag volume and viscosity as well as coke mean size and void fraction. As shown at Fig. 2 if the temperature is low at the birdnest, the amount of molten material held-up is increased regardless of the permeability of the coke bed at tuyere level. Figure 12 is the result of the SUL test for the estimation of the effect of coke size on RAR at a lumpy and cohesive zone. Coke and sinter are layered alternately for the same BF condition. When the coke size is changed from 8 to 12 mm the gas utilization ratio is decreased by about 0.6% in the range over the temperature of 750°C. It is thought that this difference has come out by the difference of the reaction efficiency with the surface area change according to the coke size.
Effect of Coke Size on RAR in Lumpy and Cohesive Zone
The result of heat exchange experiment with particle sizes is shown at Fig. 13 . It was carried in the horizontal tube furnace at 1 100°C with 0.5 ℓ/min of N 2 flow by the method presented in the experimental part. The 40 mm coke and 26 mm sinter are heated with the same heating rate. At this time the 30 mm coke and 18.6 mm sinter show similar behaviors. The large size of particles is delayed by 1-2 minute in heating the center compared with small particles and the heat transfer rate of sinter is lower than coke. Therefore from the above results it is estimated that the heat exchange efficiency is reduced about 3% per 1 mm size increase.
The big BF has the possibility of flooding because the diameter of tuyere level is not enlarged compared with the increased production rate. The use of large coke is one of measures to prevent flooding, but that makes blast ratio increase due to the low heat exchange and reaction efficiency. To solve this problem the study about the proper coke size according to BF capacity is carried out by Ariyama et al., 19) however there is no suggestion on the clear relationship between coke size and the RAR.
The gas velocity change is calculated with the various coke sizes for a steady Nu number by the use of the relationship among Nu number, Pr number and Re number. Because Nu number is proportional to the Re 1/2 number and increased Dp, the gas velocity in Re number should be increased for the steady Nu number. For example the 5 mm increase of coke size needs gas velocity to increase by 0.123 m/s for a constant Nu number, that is, the increase of gas velocity raises the blast ratio and makes the RAR increase. Usually the gas velocity 0.1 m/s is correspondent to the 1-1.5% blast ratio and the RAR 4-5 kg/t-p.
The coke size and quality must be increased to prevent flooding at tuyere level in the big BF, but the size of coke should be also small for the efficient BF operation. Figure  14 shows the relationship between coke size and flooding at the condition of big size 5 500 Nm 3 . The more coke size reduction for the efficient operation the more possibility of flooding. Sherwood et al. 12) suggested constraint condition such as the Eq. (2) which represents the relationship between flooding factor and the fluid factor for preventing flooding. When the maximum gas velocity is Vf with no flooding and gas velocity in BF is V, V/Vf should be managed under 0.95 for the safe operation. For this calculation it is assumed that the coke size at tuyere level is 23.3 mm and the charged coke size is 52.5 mm with reference to the result of coke sampling. Therefore the larger coke allows the less flooding. The charged coke size should be over 45 mm at the productivity 2.4 and over 50 mm at the productivity 2.5 for no flooding in the big BF as shown in Fig. 14 . However the result of coke sampling shows that the tuyere coke size is maximum at the 52-53 mmm charged coke size and it is rather decreased at the 55 mm charged coke size as shown in Fig. 6 . So for the high productivity not only coke size but also coke quality such as CSR and DI must be improved and the birdnest and deadmen should be clean through the less generation of coke fines.
Estimation of BF Operation Efficiency by Rist and 2-D Numerical Model
The heat & mass balance is useful method for the prediction of the RAR when the operation condition is changed. The Rist model in Fig. 15 diagnoses the 16-20 kg/t-p RAR increase (corresponding to incline of the diagram) due to the blast ratio (the amount of oxygen in blast per ton of iron) 4% increase. This is related with the decrease of the gas utilization ratio (corresponding to move toward 1 of O/C axis). The Rist model shows that the control of the blast ratio is an important factor for the increase of shaft efficiency which represents the gas-solid reaction state in a lumpy zone.
The coke size and void fraction at tuyere level determine the gas flow distribution and the cohesive zone state. flame temperature, PCR, productivity, CSR, DI and tuyere coke size. The void fraction presented in 4.1 section was calculated by Sin's method with the data of molten materials and coke size distributions obtained from the coke sampling. The coke size and void fraction from top to bottom of the BF in the 2-D model are set from the previously mentioned calculation method with the charged coke size. Besides the vertical probe data, the gas utilization ratio measured at 6 point in radial directions at the top of the BF is used for the confirmation as shown at Fig. 4 . The 2-D simulation results at Fig. 16 show the change of the gas utilization in the case of charging coke size 50 mm and 55 mm under the assumption that the change of coke size at the tuyere level is only proportional to the charging coke size.
The raceway depth in the calculation is fixed at 1.3 m and it is assumed that the coke size and void fraction of deadman and birdnest are constant in spite of coke size change. When the raceway depth is changed from 1.3 m to 1.5 m and the coke size is fixed at 50 mm, the left side of Fig. 17 shows the un-changed gas utilization compared to Fig. 16 . The case in which the coke size is increased to 55 mm is displayed at the right side of Fig. 17 . In Fig. 17 the coke size and void fraction are changed with the values referenced from the results of coke sampling at the tuyere level. In this figure the gas utilization ratio is decreased by about 2.5% compared to that of Fig. 16 . This corresponds to the increase of RAR 2 kg/t-p per 1 mm coke size if the exchange rule for the RAR can be applied. The exchange rule in BF operation tells that the RAR 4 kg/t-p decreases as the gas utilization ratio increases by 1%. That is from the reduction of the reaction efficiency and the uneven gas distribution by the bad permeability of birdnest according to the increase of the charged coke size. Figure 18 displays the melting line and the radial direction gas flow vector for the same case in Fig. 17 . Although the coke size is large, if raceway depth is short and permeability is deteriorated, there would be strong peripheral flows at bosh and unstable gas flows at the cohesive zone.
Therefore if there is no improvement of the coke quality with the coke size increase, the state of birdnest and deadman due to the increase of fines generation would become less permeable and then make RAR increase and make tapping unstable with high heat loads in the lower part of the BF. Figure 19 shows the similar relationship between the RAR and the coke size in the actual BF operation as like the 2-D simulation results. Figure 20 displays that the tapping speed of molten iron is decreased and the number of tapping is increased according to the charged coke size. This phenomena is thought to be caused to the bad permeability at the birdnest and the deadman with coke size increase as shown in the results of coke sampling.
Conclusions
The effect of coke size on the RAR and the BF operation can be summarized from the experiments, numerical analysis and operation results as below.
(1) The coke sampling results show that the amount of fines in the birdnest and the deadman is more in the big BF than the small BF by 10%. It also shows that the charged coke size doesn't always make the coke size at the tuyere level proportionally.
(2) The RAR would be needed 0.5-1 kg/t-p per 1 mm coke size in the condition of no additional contamination of the birdnest and the deadman although the size of charged coke is increased by 5 mm. The gas utilization efficiency is estimated to be decreased by 0.7% with the 2-D model due to the decline of the heat exchange and the reaction efficiency.
(3) When the charged coke becomes larger by 5 mm, the reduction of coke size occurs by 1.3-1.9 mm at tuyere level and the deadman void fraction and raceway size also deteriorates. In the condition of this state, the gas utilization ratio estimated with 2-D numerical model is lowered by 2.5% due to unstable gas flow in the lower part of BF, therefore RAR 2 kg/t-p will be more consumed per 1 mm coke size. Also, the analysis by the 2-D numerical model shows that the high temperature gas flow is more actively driven into the bosh of the BF.
(4) The size of charged coke must be over 50 mm for the prevention of flooding at the tuyere level in the condition of the productivity over 2.5 (t/d/m 3 ), However, if there is no improvement the coke quality, the BF operation would become unstable due to the increased hold-up of molten materials at the tuyere level with the deteriorated permeability. That also makes the blast furnace condition unstable since the number of tapping is increased and the tapping speed is decreased as the RAR goes up. 
